The multiple bonding between multinuclear zinc(II)-1,4,7,10-tetraazacyclododecane (cyclen, a 12-membered tetraamine) complexes and multidentate ligands is an effective method for constructing supramolecular complexes having well defined and distinct structures in aqueous solution. Herein we present examples of supramolecular D 3h prisms formed by self-assembly of linearly dimeric or trimeric zinc(II)-cyclen complexes with a potentially trianionic C 3 subunit trithiocyanuric acid (TCA 3؊ ), wherein Zn 2؉ OS ؊ or Zn 2؉ ON ؊ coordination bonds and hydrogen bonds are responsible for stability of the multicomponent architectures in aqueous solution at neutral pH.
A rtificial supramolecular hosts with stable and well defined structures formed by spontaneous self-assembly of molecular building blocks in organic solvents have shown great potential for inclusion phenomena, molecular recognition, or catalysis (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . However, supramolecular complexes that operate in aqueous solution are rare (10) (11) (12) (13) (14) . While working on molecular recognition of imide functions by zinc(II) complexes of 12-membered tetraamine [Zn 2ϩ -1,4,7,10-tetraazacyclododecane (cyclen)] in aqueous solution (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) , we tested interaction of cyanuric acid (CA) containing C 3 -symmetric three-imide functions with a C 3 4 ] from basic aqueous solution. The x-ray crystal structure showed four sets of completely deprotonated CA (CA 3Ϫ ) binding to three Zn 2ϩ -cyclen units from three different Zn 3 L 1 at each N Ϫ rim (29) . Its outer shape may be viewed as a cuboctahedron 3a with 12 vertices occupied by Zn 2ϩ and its inner shell as a truncated tetrahedron 4a. It was unfortunate, however, to find that this 4:4 cuboctahedral complex collapsed in neutral H 2 O, possibly because of the extremely high pK a value of the third imide proton of CA. More recently (30) , this problem was overcome by replacing CA for TCA, the thioimide functions of which possess lower pK a values [5.12 (pK 1 ), 8.24 (pK 2 ), and 11.69 (pK 3 )] than those of CA [6. 85 (pK 1 ), 10.91 (pK 2 ), and Ͼ12 (pK 3 in aqueous solution at neutral pH (Fig. 3 ).
Materials and Methods
All aqueous solutions were prepared by using deionized and redistilled water. Complexes 5 and 8 were prepared according to our previous papers (28, 31, 32 Table 1 , which is published as supporting information on the PNAS web site. Crystallographic data (excluding structure factors) for 11⅐9NO 3 ⅐21.5H 2 O have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC-174993 (copies of the data can be obtained free of charge on application to the CCDC, 12 Union Road, Cambridge CB21EZ, U.K.).
Potentiometric pH Titrations. Potentiometric pH titrations were carried out with I ϭ 0.10 (NaNO 3 ) at 25.0 Ϯ 0.1°C (0.1 N NaOH was used as a base) as described earlier (19) (20) (21) (22) (23) (24) (25) (26) (28) (29) (30) (31) (32) , and at least two independent titrations were performed. (34) .
UV Spectrophotometric Titrations and Fluorescence Titrations. UV spectra and fluorescence (excitation and emission) spectra were recorded on a Hitachi U-3500 spectrophotometer and a Hitachi F-4500 fluorescence spectrophotometer, respectively, at 25.0 Ϯ 0.1°C. The obtained data of UV titrations (decreases in values at a given wavelength) and fluorescence titrations (decreases in fluorescence emission intensity at a given wavelength) were analyzed for apparent complexation constants, K app , by using the program BIND WORKS (Calorimetry Sciences, Provo, UT). Quantum yield (⌽) of fluorescence was determined by comparison of the integrated corrected emission spectrum of a standard an- Electrospray Ionization (ESI) MS of 10a, 10b, and 11 Complexes. ESI mass spectra were recorded on an LCT (reflectron time-of-flight MS) mass spectrometer (Micromass, Mancheser, U.K.). Aqueous solutions (100-200 ng͞l) of given complexes were analyzed by direct infusion at 10 l͞min. In the positive-ion mode the following conditions were used: ES capillary, 2.8 kV; cone, 10-15 V; flight time, 55 sec; source block temperature, 20°C; desolvation temperature, 40°C. Mass spectra were scanned in the m͞z range of 100-2,000 at 1 sec͞scan with an interscan delay of 0.1 sec. Data were processed by using the spectrometer software (MASSLYNX). Theoretical distribution for the 2ϩ to 6ϩ species for 10 and 3ϩ to 9ϩ species for 11 with mass-to-charge ratios (m͞z) were calculated by using the program MASSLYNX. ) 3 11 were isolated. The 3:3 structure of 11 was identified by x-ray crystallographic analysis (Fig. 4) . Crystal data are presented in Materials and Methods. In Fig. 4A (top view) and 4B (side view), three molecules of 8 are colored in green-blue, green, and blue, and three TCA units are colored in orange with yellow sulfur atoms. Its exterior may be represented schematically as a trigonal prism 11 as shown in Fig. 3 , the total prism length of which is Ϸ2.9 nm. The distance between two adjacent TCA 3Ϫ is Ϸ1.2 nm. Of the three TCA 3Ϫ units, the two terminal TCA 3Ϫ units bind all to Zn 2ϩ ions through S Ϫ OZn 2ϩ coordination bonds (2.31 Å in average), whereby the TCA 3Ϫ takes an aromatic triazine form (Fig. 4C) . Very interestingly, the central TCA 3Ϫ unit has a lesser aromatic structure with the anion localizing more on the imide Ns, which are major donors to Zn 2ϩ (Zn Fig. 5A shows a broad singlet of aromatic protons of 5 (all equivalent; 3 mM) at ␦ 7.44 against an external reference, TSP. As we added TCA (1 and 2 mM) to 5, Fig. 5 B and C were obtained. The final broad singlet appearing at ␦ 6.82 indicates that a single product species is formed by assembly of 5 with TCA in a 3:2 ratio to yield 10a in D 2 O. A fact that two independent signals are observed for 5 and the 5-TCA complex indicates that the 5-TCA complex is not only thermodynamically but also kinetically stable on the NMR time scale (28) (29) (30) (31) (32) . Similarly, another Zn 2 L 3 6 (1.5 mM) with two doublets at ␦ 7.48 and 7.72 showed upfield shifts to ␦ 6.89 and 7.04 after mixing with TCA (1.0 mM) under the same conditions ( Fig. 5 D and E) , indicating the formation of a similar 3:2 supramolecular prism 10b. When p,p-Zn 3 L 4 8 (2 mM) with a broad singlet at ␦ 7.44 ( Fig.  5F ) was mixed with TCA (2 mM), two distinct doublets at ␦ 6.91 and 7.02 replaced them, as shown in Fig. 5G . This fact supports the structure of the 3:3 supramolecular complex 11, in which the benzene protons near the middle TCA and terminal TCA are in a different environment because of the different TCAOZn 2ϩ binding modes (Fig. 4) . The addition of 10-50 equivalents of F ) 3 (11) ], for the 0.5 mM 8 ϩ 0.5 mM TCA mixture as a function of pH at 25°C with I ϭ 0.1 (NaNO 3 ). The nearly quantitative population of the 3:3 complex 11 is apparent at 6.4 Ͻ pH Ͻ 8.8. The apparent 3:3 complexation constant for 11, log K app (defined by Eqs. 1-3 at pH 7.0) was calculated to be 30.6 Ϯ 2.0. A similar potentiometric pH titration of 0.75 mM 5 ϩ 0.5 mM TCA gave the apparent 3:2 complexation constant for 10a, log K app (defined by Eq. 4) of 26.3 Ϯ 1.0 at pH 8.0 and a similar speciation diagram showing Ͼ95% formation of 10a at 7.2 Ͻ pH Ͻ 8.2. , which is published as supporting information on the PNAS web site, www.pnas.org), almost quantitative 2:3 and 3:3 complexation to 10a and 11, respectively, has been established. Understandingly from the result of the x-ray crystal structure analysis, considerable differences were observed for the UV spectra of TCAs in 10a and 11. Fig. 9 , which is published as supporting information on the PNAS web site). This fact, although qualitative, supports that the middle TCA 3Ϫ in 11 indeed is not fully aromatic but rather in a thioketo form in aqueous solution.
Results and Discussion
The changes of fluorescence excitation and emission of 6 [10 M; quantum yield (⌽) ϭ 0.23] in interaction with TCA are noteworthy. Fluorescence emission of 6 was quenched quantitatively after the addition of 0.66 equivalents of TCA against 6 in 10 mM Hepes [pH 7.0 with I ϭ 0.1(NaNO 3 ) (emission at 260 nm)] at 25°C (see Fig. 10 , which is published as supporting information on the PNAS web site), a fact suggesting that three biphenyl units may be assembled somewhat specifically in 10b.
ESI MS of Supramolecular Assemblies. We measured ESI MS of 10a, 10b, and 11 in H 2 O (pH 7.5 Ϯ 0.1) to confirm the supramolecular 2:3 and 3:3 structures. The 2ϩ, 3ϩ, 4ϩ, 5ϩ, and 6ϩ species for 10a and 10b and 2ϩ-9ϩ species for 11 with mass-to-charge ratios (m͞z) were observed. Fig. 7A shows the ESI͞time-of-flight mass spectra for 11 (0-2,000 m͞z) along with observed peaks for 3ϩ species (Fig. 7B) , which matched to the theoretical distribution (Fig. 7C) . For the spectra for 10a and 10b, see Figs. 11 and 12, which are published as supporting information on the PNAS web site).
Conclusion
We have discovered a way of building supramolecular trigonal prisms, 10a, 10b, and 11, by quantitative self-assembly of bis(Zn molecules in 10 and 11 remain to be seen, these supramolecular motifs should set a design of new supramolecular complexes in aqueous solution and may have wide applications.
